In this work, we propose a simple approach for designing plastic bulk metallic glasses (BMGs) by exploiting the ductility of intermetallic compounds involved in the BMGforming system. When tuning the composition towards the CuZr, the glass-forming ability of alloys is dramatically degraded, showing a reduction of critical diameter D c for BMG formation from 16 mm at x = 84 (Y1) to 2 mm at x = 93. As the composition of BMGs shifts to the CuZr terminal, the shear modulus m of the BMGs decreases, whereas the Poisson's ratio n increases. With respect to the Y1 BMG, compressive plasticity and toughness of the Y2 BMG (x = 92, D c = 4 mm) with a higher concentration of the CuZr are improved, which is consistent with its lower m and higher n values.
I. INTRODUCTION
Bulk metallic glasses (BMGs) exhibit many attractive properties such as high strength, high-specific strength, excellent corrosion and wear resistance, and near-net-shape processibility. However, the lack of macroscopic plasticity before failure under loading for the monolithic BMGs has been a critical issue to limit their application. It has recently been revealed that, in a given BMG-forming alloy system, mechanical properties of as-cast BMGs are evidently compositiondependent. [1] [2] [3] [4] Therefore, it is promising to improve the intrinsic plastic deformability of BMGs through composition tuning starting from the currently available BMG-forming alloys.
On the other hand, it has been proven that the intrinsic ductility of BMGs correlates with their elastic properties including the shear modulus (m), Poisson's ratio (n), or equivalently a ratio (m/B) of the m to the bulk modulus (B). [5] [6] [7] [8] In other words, these parameters can be used as the indicators for alloy design because they directly correlate with the structural configuration of BMGs that determines the energy barrier of shear events during deformation. 9, 10 Furthermore, it was empirically suggested that the elastic properties of BMGs can be predicted from the properties of the constituent elements, 11 as a guideline for the selection of compositions to promote plasticity.
From the structural perspective, the intrinsic ductility of BMGs correlates with their atomic scale structure, asymmetry of short-range ordered clusters and their fraction. 4 However, characterization and visualization of metallic glass structure remains a challenging and tedious task even for computer simulation. It is well known that, in the sense of energy levels, the global ground state of the easy glass-forming alloy is crystalline phases, at least containing an intermetallic compound, in the majority of cases. Therefore, to some extent, the structural unit of short-range order in the glassy state could be retained even in the intermetallic compounds. 12, 13 Such a link in structural configuration between the intermetallic and glassy states was also supported by x-ray diffraction studies of molten NiAl showing short-range B2-type order in the liquid metal. 14 Consequently, we propose a simple approach for designing plastic BMGs, by making use of the ductility of intermetallic compounds involved in the BMG-forming alloy.
Among the family of intermetallic compounds, the B2-type phases have been recognized to be more ductile with respect to the compounds with complex structure. [14] [15] [16] It is interesting to note that the CuZr compound has a B2 structure (CsCl-type), and this equiatomic composition is also a marginal BMG former. [17] [18] [19] Moreover, binary Cu 50 Zr 50 BMG has a lower m of 30.0 GPa and a high n of 0.384. 20 Based on this composition, BMGs such as (Cu 0.5 Zr 0.5 )-Al/Ag exhibits modest compressive plasticity. 20, 21 Cu-Zr-Y-Al quaternary alloys have a high glassforming ability (GFA). 22 Using the "3D pinpointing approach", we found that the best BMG-forming composition is located at Cu 42 Zr 44.4 Y 3.6 Al 10 (denoted as Y1 hereafter) with the largest critical diameter (D c ) of 16 mm for copper mold casting. 23 The wide BMGforming composition range in this system provides the large room needed to improve the mechanical properties of BMGs by composition tuning.
In the current work, a series of alloys along the composition tie-line between Y1 and CuZr phase were selected, expressed as (Cu 0.5 Zr 0.5 ) x (M) 100-x (M = Zr 0.15 Y 0.225 Al 0.625 , 84 x 93), to investigate the validity of ductility improvement of BMGs via compositional tuning towards the CuZr. Meanwhile, the evolution of GFA, elastic properties, and mechanical properties of this series of BMGs and their correlation were examined. In addition, a comparison of elastic properties between the predicted values from the properties of the constituent elements and from the real as-cast BMGs was made to justify its validity for alloy design.
II. EXPERIMENTAL
Elemental pieces with purity better than 99.9 wt% were used as starting materials. The master alloy ingots with the nominal composition (in atomic percentage) were prepared by arc melting under a Ti-gettered argon atmosphere in a water-cooled copper hearth and flipped several times to ensure compositional homogeneity. For the rod samples with a diameter larger than 4 mm, the master ingots were remelted in a tilting water-cooled copper hearth and subsequently cast into the copper mold with different internal rod-shaped cavities. For the rods with a diameter of 2 mm, the master alloys were remelted in a mini arc melter and suction cast into a copper mold that has internal rod-shaped cavities approximately 35 mm in length.
The cross-sectional surfaces in the central portion of the as-cast rods were analyzed by x-ray diffraction (XRD) by using a Rigaku D/max 2400 diffractometer (Tokyo, Japan) with monochromated CuK a radiation. The glass transition and crystallization behavior of the as-cast BMGs were investigated in a differential scanning calorimeter [(DSC)-diamond; PerkinElmer, Shelton, CT] with alumina container under flowing purified argon at a heating rate of 0.67 Ks
À1
. A second run under identical conditions was used to determine the baseline after each run. To confirm the reproducibility of the data, at least three samples were measured for each alloy. All of the measurements of the glass transition temperature (T g ) were reproducible within the error of AE2 K.
The elastic constants of the BMGs were measured by resonant ultrasound spectroscopy (Quasar, Albuquerque, NM). For each alloy, three machined cylindrical samples from different as-cast BMG rods of 4 mm in diameter were measured. The sample with known volume and mass was placed between the piezoelectric transducers. Two independent elastic constants C11 and C44 were obtained and used to calculate the elastic moduli, including Young's modulus (E), m, B, and n.
Microhardness measurement was carried out in a Mitutoyo MVK-H3 hardness tester (Kawasaki, Japan) using a load of 25 g and loading time of 10 s. Each microhardness value was the average of 20 individual measurements.
Samples for compression tests were 4 mm in height, cut from the cast rods of 2 mm in diameter. The loading surfaces were polished to be parallel to an accuracy of less than 10 mm. Uniaxial compression tests at room temperature were conducted on Shimadzu AG-1/500 KN universal testing machine (Shimadzu, Kyoto, Japan) by using a constant strain rate of 1 Â 10 À4 s
. At least five samples were measured to ensure that the results were reproducible. The strain was determined from the platen displacement after correction for machine compliance. SEM observation of the fracture samples was carried out in a Quanta 600 scanning electron microscope (FEI, Eindhoven, The Netherlands).
Samples for notch fracture toughness measurements were taken from the as-cast BMG rods of 2 mm in diameter. The three-point single edge notched bend tests, fixed at 20-mm span, were performed on an Instron 5848 micromechanical tester (Norwood, MA) under displacement control at 0.1 mm/min. Notches with a root radius of approximately 200 mm were placed to a depth nearly half of the rod diameter via the use of a slow-speed diamond saw. At least 10 samples were measured to minimize the variation. The stress intensity factor for the cylindrical configuration was evaluated by using the analysis by Murakami. 24 Although the notch toughness (K Q ) values are not standard fracture toughness K IC , they were valid to reveal the difference in toughness between the BMGs. 6, [25] [26] [27] III. RESULTS A. Glass-forming ability towards the CuZr, the crystallization processes changed from at least two steps into a single step. The heat release from the primary crystallization gradually fades away, accompanied by a shifting to a lower temperature of the major crystallization events, as seen in Fig. 3(b) .
B. Comparison of the calculated and measured elastic moduli
Based on the concept in Ref. 11, the elastic moduli, X, of the investigated BMGs can be estimated a priori. The upper bounds of elastic moduli, X upper , were then calculated by using
where X i , c i , V i , and V m are the modulus (E, m, or B), atomic fraction for the i-th component element, volume per atom, and the average atomic volume of the glass, respectively. The lower bounds of elastic moduli, X lower , were calculated by using
Equations (1) and (2) are based on models of composites assuming, respectively, iso-strain and iso-stress conditions on each phase in the composites. By using the average of the upper and lower bounds of the calculated moduli, we calculated the Poisson's ratio n or m/B of the BMGs as well. Fig. 4(a) , the calculated m of BMGs increases with increasing fraction of the CuZr, whereas the measured m shows a contrary tendency. It drops approximately 6%, from 32.6 GPa of alloy Y1 to 30.6 GPa of Y2. The measured m values are smaller than the calculated ones even for the lower bound. On the contrary, the calculated B values are slightly underestimated with respect to the measured, as shown in Fig. 4(b) . In both cases, the tendency that the B slightly increases with increasing fraction of the CuZr is shown. whereas the m/B shows the opposite effect. As the composition of BMGs is tuned towards the CuZr, the n increases from 0.364 of alloy Y1 up to 0.374 of alloy Y2, with an increment of approximately 2.7%, as seen in Fig. 4(c) .
As the representative BMG, the measured data of elastic moduli together with the D c and T g for the Y1 and Y2 BMGs are listed in Table I, Fig. 5(a) . As shown in Fig. 5(a) , when tuning the composition of BMGs towards the CuZr, the microhardness monotonically decreases from 5610 MPa at Y1 to 5090 MPa at Y2, a 9% relative drop. It is consistent with a slight reduction of the E, from 88.9 GPa at Y1 to 84.2 GPa at Y2, as shown in Fig. 6(b) . Nevertheless, such a "softening" is not accompanied by a significant change of the T g of the glasses. The T g of the Y1 and Y2 BMGs are 688 and 685 K, respectively. It is different from the case in the Hf-Ni-Al systems, 4 where the composition-dependent softening of BMGs correlates with a lower T g and m and a higher n of the glasses.
D. Compressive property of Y1 and Y2 BMGs
With their significant difference in elastic moduli and microhardness, Y1 and Y2 BMGs were selected for compression test. Figure 6 displays the compressive engineering stress-strain curves of as-cast BMGs with a diameter of 2 mm. To reveal the variation among the samples, the curves of five tested samples for each alloy were plotted together. As seen in Fig. 6 , yield strength (s y ) of the Y1 and Y2 BMGs are 1840 to 1900 and 1800 to 1850 MPa, respectively. A slight reduction in the s y for Y2 is consistent with the decrease of microhardness and Young's modulus. The apparent plastic strain before failure for the Y1 and Y2 BMGs are 0 to 0.6% and 0.4 to 1.6%, respectively. It proves that the Y2 BMG is indeed more ductile than Y1.
Difference in the plasticity between Y1 and Y2 BMGs can also be identified by the failure mode of the two alloys. Figures 7(a) and 7(b) show the side view of fractured samples after compression test, observed under SEM. The stress-strain curves corresponding to the samples in the images are marked with circles in Fig. 6 . For the Y1 BMG, the sample partially fails in the form of fragments, indicating its intrinsic brittleness. As seen in Fig. 7(a) , the orientation of fracture surface for the major residual part is nearly vertical to the direction of applied load. In addition, few shear band offsets can be observed on the surface of the fractured sample. Figure 7(b) shows the side view of the fractured sample of Y2. Fracture of the sample takes place along the near-maximum-stress shear plane, which is inclined by approximately 40 to the direction of the applied load. The sample is broken into two major parts. These findings indicate that the deformation and fracture of the Y2 BMG are controlled by a localized dominant shear band, which is a typical feature in the ductile BMGs. 4, [28] [29] [30] Figure 7 (c) shows a high-magnification image of the blocked area in Fig. 7(b) . A small number of shear band offsets can be observed near the major shear plane. It implies that the apparent plastic strain in the stress-strain curves, as shown in Fig. 6 , is caused by the initiation of multiple shear bands before catastrophic failure. These findings clearly reveal that the Y2 BMG is more ductile than Y1.
E. Notch toughness of Y1 and Y2 BMGs
Under the three-point bending test, all notched samples of Y1 BMG fail in the form of fragments, whereas the samples of Y2 are broken into two major parts along the pre-prepared notch. Quantitatively, the notch toughness, K Q , and fracture energy, G, calculated by using the relationship of It was proposed that elastic moduli of metallic glasses can be predicted from the properties of the constituent elements. 11 Our results indicate that the tendency of the calculated B with changing the composition is reasonable and slightly underestimated by approximately 6% for the upper bound. On the contrary, the calculated m shows a different trend together with an overestimation of approximately 9% in the average case within the investigated composition range. Both effects lead to an underestimation of n. It implies that the elastic properties of metallic glasses do not simply follow the "rule of mixtures." Therefore, the power to predict the elastic moduli of metallic glasses based on the properties of the constituent elements is very limited.
As is well documented, uniaxial compression tests (under mode II conditions) have been widely used to evaluate the mechanical behavior of BMGs. However, the sample/loading geometry, confinement, and machine stiffness effects during such conventional tests often lead to irreproducible and misleading results: the apparent compressive strains recorded do not reflect the intrinsic plasticity in many cases. 28, 29, 31, 32 It has recently been shown that notch toughness (damage tolerance, test in mode I) can be a more useful parameter to reveal the chemistry effects on the brittleness of the BMGs. [25] [26] [27] As is shown by the notch toughness of the Y1 and Y2 alloy in the present work, tuning the composition of monolithic BMGs towards the CuZr does have an effect of improving the ductility of the Cu-Zr-Y-Al. Such improvement of toughness as well as compressive plastic deformability is consistent with the relatively lower m and higher n because these parameters correlate with the structure configuration or energy barrier for shear transformations of the metallic glasses. 4, 9, 10 In addition, it is noticed that the toughness of Cu 46 Our findings indicate that the GFA and the toughness of BMGs often conflict with one another. Therefore, developing the BMGs with a good combination of the modest GFA and high toughness remains a challenge. As shown in the current results, it is feasible to search for more plastic BMGs by taking advantage of the better ductility of intermetallic compounds involved in the BMG-forming alloy. This approach is based on the link with the structural configuration of short-range order of atoms packing. This idea is also proven by the case of the BMGs formed in the system containing B2-type TiNi phase that exhibits good ductility. 33 Moreover, the origin of ductility of the BMGs based on the alloy containing the B2 phase was also explained by their unique structure consisting of "austenite-like" crystalline clusters, which are believed to induce a "stress induced dispersive transformation" at the neighboring zone of shear transformation zones to release the local stress concentration and then to delocalize the shear events. As the composition of BMGs shifts towards the CuZr terminal, the shear modulus m of the BMGs decreases, whereas the Poisson's ratio n increases. Compared with the measured elastic moduli of BMGs, the predicted elastic moduli of BMGs using the weighted moduli of the (crystalline) constituent elements are overestimated for m and slightly underestimated for bulk modulus B, accompanied by underestimate of n. Meanwhile, shifting the composition of BMGs to the CuZr terminal leads to a reduction of the hardness/strength and Young's modulus. 5 (Y2, at x = 92 and D c = 4 mm), compressive plasticity and toughness of Y2 BMG close to the CuZr composition are significantly superior. Such an improvement of the plasticity and toughness is also consistent with the observation that the BMG has a lower m and higher n. These findings support a simple approach that we propose for designing plastic BMGs: BMGs with better plasticity may be found at a composition/structure close to that of a relatively ductile intermetallic compound involved in the BMG-forming system.
